Several previous studies reported differences when stereothresholds are assessed with local-contour stereograms vs. complex random-dot stereograms (RDSs). Dissimilar thresholds may be due to differences in the properties of the stereograms (e.g. spatial frequency content, contrast, inter-element separation, area) or to different underlying processing mechanisms. This study examined the transfer of perceptual learning of depth discrimination between local and global RDSs with similar properties, and vice versa. If global and local stereograms are processed by separate neural mechanisms, then the magnitude and rate of training for the two types of stimuli are likely to differ, and the transfer of training from one stimulus type to the other should be minimal. Based on previous results, we chose RDSs with element densities of 0.17% and 28.3% to serve as the local and global stereograms, respectively. Fourteen inexperienced subjects with normal binocular vision were randomly assigned to either a local-or global-RDS training group. Stereothresholds for both stimulus types were measured before and after 7700 training trials distributed over 10 sessions. Stereothresholds for the trained condition improve for approximately 3000 trials, by an average of 0.36 ± 0.08 for local and 0.29 ± 0.10 for global RDSs, and level off thereafter. Neither the rate nor the magnitude of improvement differ statistically between the local-and global-training groups. Further, no significant difference exists in the amount of improvement on the trained vs. the untrained targets for either training group. These results are consistent with the operation of a single mechanism to process both local and global stereograms.
Introduction
Stereopsis is the ability of the binocular visual system to extract depth information from the relative disparity between retinal images. Clinical tests of stereopsis commonly contain simple contour elements that contain an offset, or disparity, between the images seen by the two eyes. The disparity is interpreted by the brain into a perception of depth, and patients identify the depthcontaining element, which either protrudes or recedes from the overall image. As the disparity between the images seen by the two eyes is increased, it is easier to distinguish depth. These stereopsis tests, called local stereograms (Harwerth, Fredenburg, & Smith, 2003; Harwerth & Schor, 2002; Rose & Price, 1995) are problematic because they contain monocular cues, i.e. the spatial offsets between the test elements in the two eyes can be discriminated even in individuals without normal binocular vision (Howard & Rogers, 2002; Julesz, 1960 Julesz, , 1971 O'Toole and Kersten, 1992) .
More complicated tests of stereopsis, called global stereograms, contain patterns comprising many similar individual elements.
Random-dot stereograms (RDSs), introduced as a research tool by Julesz in the 1960s, are an example of such stimuli. These types of complex patterns are devoid of monocular cues (i.e. the spatial displacement is too complicated to be conspicuous with just one eye), and pose a correspondence problem (Banks, Gepshtein, & Landy, 2004; Blake & Wilson, 1991; Julesz, 1971; Lankheet & Lennie, 1996; Palmisano, Allison, & Howard, 2006) to match the appropriate elements in the two half views. Clinical tests of stereopsis that use complex patterns are available (e.g. Preschool Randot, TNO), but are not used routinely.
Discrepant results for stereothresholds assessed with local and global stereograms have been reported by some (Frisby, Mein, Saye, & Stanworth, 1975; Harwerth & Rawlings, 1977; Saladin, 2005) but not all studies (Fawcett, 2005; Stevenson, Cormack, & Schor, 1989) . The reported discrepancies between stereothresholds for local and global targets may be explained by differences in the properties of the targets (Glennerster, 1998; Stevenson et al., 1989) , such as the spacing between the constituent elements (McKee, 1983; Saladin, 2005; White, 1962) , size (Schlesinger & Yeshurun, 1998; Stigmar, 1971; Tyler & Julesz, 1980) , contrast (Cormack, Stevenson, & Schor, 1991; Halpern & Blake, 1988; Kontsevich & Tyler, 1994; Legge & Gu, 1989; Westheimer & Pettet, 1990) , viewing duration (Harwerth & Rawlings, 1977; Ptito, Zatorre, Larson, & Tosoni, 1991; Westheimer & Pettet, 1990) , and spatial frequency content (Hess, Liu, & Wang, 2003; Schor & Wood, 1983) , or by differences in the neural mechanisms that underlie the processing of local and global stereotargets (Tyler, 1990) . If both types of targets share a common processing mechanism, then clinical testing using only one target type would suffice. However, if separate neural mechanisms are involved, then it may be necessary to assess the integrity of both systems when performing a visual exam.
If global and local stereopsis are processed by the same neural mechanism, a subject that has experience with one target type is expected to perform equally well with the other target type. In addition, an improvement with training should proceed at the same rate for both target types. Conversely, if global and local stereopsis are processed by different mechanisms, a subject's experience with one target type should not affect performance with the other target type and the rate of the improvement with training may differ between the target types. If the global processing mechanism is composed of an initial disparity-extraction stage followed by subsequent stages that include global correspondence matching (Ohzawa, 1998) and/or form-extraction (Banks et al., 2004; Blake & Wilson, 1991; Julesz, 1971; Lankheet & Lennie, 1996; Moradi, 1999; Palmisano et al., 2006) , then training with a local stereoscopic target is expected to improve performance on the untrained global-stereopsis task. However, because these subsequent stages should not improve with training on a local stereo-task, the improvement in pre-to post-training thresholds for the untrained global condition should be less than the improvement in pre-to post-training thresholds for the trained global condition. Training on the global target is expected to improve both the initial disparity-extraction and subsequent global processing stages. Therefore, the ratio of pre-to-post-training stereothresholds for the untrained local target is expected to be similar to the ratio of pre-to posttraining thresholds after training with the local stereotarget.
To evaluate the overlap between the mechanisms underlying global and local stereopsis, this experiment tested if training of sparse 0.17% density RDSs transfers to dense 28.3% density RDSs with similar properties and equal detectability, and vice versa. The transfer of perceptual learning has been examined previously to examine if the same or different processing mechanisms mediate first-and third-order visual motion (Zanker, 1999) , the identification of firstand second-order letters (Chung, Levi, & Li, 2006) , and the encoding of direction of motion and speed (Saffell & Matthews, 2003) .
Methods

Subjects
Fourteen healthy subjects between the ages of 21 and 37 who had no prior research experience with stereoscopic stimuli participated in the experiment. Subjects had normal or corrected-to-normal vision at the time of training, as verified by an optometric exam, and at least 40 00 stereopsis as measured with the Titmus Stereo Test (Stereo Optical Co., Inc.) in both the crossed and uncrossed directions. The research adhered to the tenets of the Declaration of Helsinki, and the experimental protocol was reviewed and approved by the University of Houston's Committee for the Protection of Human Subjects. Informed consent was obtained before the experiments were conducted, and subjects received remuneration for their participation.
Stimuli
Local stereograms have few component elements, and the depth value of each component element is discriminable. Global stereograms contain many similar elements whose individual depth variations are not discriminable (Westheimer, 1986) . By embedding a small line (i.e. an individual element) of varying depth within RDS backgrounds with element densities ranging from 0.17% to 28.3%, we previously (Gantz & Bedell, 2008) tested which dot densities may be categorized as local vs. global stereograms. A density of 28.3% was considered a global stereogram, whereas a density of 0.17% was considered a local stereogram.
In order to match the spatial frequency content of the dense 28.3% and sparse 0.17% RDSs, the dense RDS was multiplied by a filter in Fourier space. The filter was calculated based on the average of the ratio of the power spectra of 1000 randomly generated 0.17% and 28.3% RDSs. The application of the filter lowered the contrast of the 28.3% stimulus, but did not substantially alter its subjective appearance. Further, individual contrast detection thresholds were measured for the two types of stereograms prior to the experimental sessions, and each stimulus was displayed at the same multiple of its contrast detection threshold as explained below. Therefore, the two types of RD stimuli were equally detectable.
The stimuli were created in Matlab (The MathWorks; Natick, MA) with the Psychophysics toolbox (Brainard, 1997; Pelli, 1997) and displayed for 500 ms, on a gamma-corrected, 29-cm wide LCD monitor of 1024 Â 768 pixels, with a mean luminance of 31.2 cd/m 2 . Each pixel is 0.03 cm in size, which subtends 0.85 0 at the viewing distance of 114 cm. The stimuli comprised two identical half views that were presented side-by-side on the laptop monitor. As demonstrated in Fig. 1 To ensure that the mean luminance of the display did not vary with dot density, each dot contained within the RDS was randomly either darker or lighter than the gray background. To be able to measure stereothresholds by offsetting the dots within the stereogram by less than a pixel (Morgan & Castet, 1997 ) the 1 pixel dots were convolved with a Gaussian envelope with a standard deviation (i.e. radius) of 1.75 pixels. After convolution, each dot subtended approximately 4 pixels ($3.5 0 ) in width at half height. Each RDS was constructed from a regularly spaced array of Gaussian blob centers, with additional horizontal and vertical positional jitter defined by a SD equal to 15% of the average dot-to-dot spacing.
Prior to each block of 70 trials, the computer program formed a large stereogram, twice the size of the stereograms that were presented to the observers. The dot arrangement randomly varied from trial to trial to prevent training of a particular dot pattern. Fifteen regions of 223 0 Â 223 0 were randomly selected from this larger stereogram, to form the patterns to be displayed. The dots in the upper RD patterns were located in the same positions for the two eyes and served as a zero disparity reference. The bottom left RD pattern was identical to the upper patterns. However, from trial to trial, the Gaussian distribution centers of the dots within the lower right eye RD pattern were offset with respect to the lower left eye pattern to produce one of seven possible relative disparities, three each in the crossed and uncrossed directions, and zero disparity. Although the dot arrangement in the lower pattern presented to the right eye was offset, the boundaries of the pattern had a constant location from trial to trial. After the patterns were displayed, subjects were asked to respond whether the upper or the lower RDS pattern was closer. Because the boundaries of the left and right eye half views were in constant positions, this judgment was based solely on the disparity information in the dot arrangement.
1 After each response, audio feedback was provided to indicate correct vs. incorrect responses.
Stimulus presentation
Experiments were performed in a dark room. A mirror haploscope and an opaque divider mounted between the haploscope mirrors provided full separation between the half views presented to each eye. Prior to the experiment, the positions of the haploscope mirrors were adjusted for each subject to produce perceived alignment of a pair of vertically separated flashing Nonius lines, in order to minimize horizontal fixation disparity.
Preliminary experiment-contrast detection task
The detectability of the 28.3% and 0.17% RDSs was equated by measuring each observer's contrast detection threshold for each stereogram type. Subsequently, the stereograms were presented to each subject at a multiple of the contrast detection threshold, Ms, defined as the number necessary to scale the stereogram with the higher contrast threshold to 100%. The mean multiple, Ms, for all subjects was 11.8 ± 1.1 (± SE).
Perceptual learning of depth discrimination in RDSs design
Subjects were randomly assigned to either the sparse (local) or the dense (global) RDS training group. After contrast detection thresholds were measured for each type of stimulus, and before initiation of the training, subjects completed a practice session using 223 0 Â 223 0 0.92% density RDSs with varying disparities. The purpose of the practice session was for the subjects to become familiar with the experimental arrangement and procedures. A 0.92% density was selected because it was not used subsequently as a training stimulus. Because a fast phase of perceptual learning of line orientation discrimination in random line patterns has been reported to span approximately 250 trials (Karni & Sagi, 1993) , the practice session included only 20 trials.
After completing the practice task, pre-training stereothresholds were measured for both the trained and untrained RD stimuli. The order of measurement (pre-training threshold for the trained condition vs. pre-training threshold for the untrained condition) was randomized. In addition, psychometric functions to assess the variability and magnitude of fixation disparity were measured before the training began for four of the experimental subjects (two from the local-training group and two from the global-training group).
Training sessions
Previous studies have shown that asymptotic learning for depth discrimination of RDSs occurs after approximately 4000-5000 trials (Fendick & Westheimer, 1983; Gantz, Patel, Chung, & Harwerth, 2007) . To be sure that the entire learning effect was captured, each experimental block consisted of 77 trials, and each subject completed 100 blocks of training, for a total of 7700 training trials. One training session was administered per day, and consisted of ten blocks, such that for each training session, subjects completed 770 trials. After completing five blocks, subjects were given a 5 min break, and then resumed the remaining five blocks for the completion of the session.
Each experimental block presented 11 trials each of 7 disparities (3 crossed, 3 uncrossed, and 0 disparity), which were presented in a random-order using the method of constant stimuli. The range of disparities was individually selected to obtain suitable psychometric functions, and was adjusted as subjects improved in performance.
Experimental data analysis
For each block of trials, a psychometric function plotting the percent of near responses as a function of disparity was fit with a cumulative Gaussian function and the stereothreshold was estimated as the semi-interquartile range (=0.675 Â SD) of the fitted cumulative Gaussian function.
To combine and compare the results across subjects, each subject's pre-training, post-training, and training stereothresholds were normalized according to the pre-training threshold obtained for the trained type of stimulus. Hence, the thresholds measured with the sparse and dense targets were normalized with respect to the pre-training local stereothreshold for subjects in the localtraining group, and with respect to the pre-training global stereothreshold for subjects in the global-training group. The average normalized stereothresholds were plotted as a function of the number of training trials and fit with an exponential equation of 1 Relative disparities were introduced by displacing the lower RD stimulus seen by the right eye behind a virtual window which, for the dense RD stimuli, produced a slight increase in the widths of some of the dots near one vertical boundary of the window and a slight decrease in the width of some of the dots near the opposite vertical boundary. For stimuli with large disparities (like the example shown at the top of Fig. 1 ), the lateral displacement of one RD half image introduced partial dots at one vertical boundary that were visible to just one eye. It is conceivable that differences in dot shape or the presence of unmatched monocular contours provided a cue for the direction of depth in the dense RDSs (e.g., Pianta & Gillam, 2003) . However, the threshold displacement of the lower half image of the dense RDS was on the order of 0.4 0 before training and 0.2 0 after training, corresponding to approximately 13.4% and 6.7% of a dot width (±2 SD), respectively. For near threshold disparities, the introduction of partial monocular dots would occur very rarely, making the contribution of such dots to the measured stereothresholds quite unlikely. Because the vertical boundaries of the RDS were at an eccentricity of nearly 2 deg, we think it is also unlikely that the small differences in dot shape contributed to the stereothresholds of our subjects.
the form: y = y 0 + a Ã exp (Àb Ã x), where y is the stereothreshold measure, y 0 is the final stereothreshold after the stereothresholds have leveled off and no further improvement is seen, a quantifies the magnitude of improvement due to the training, b is equal to the inverse of the time constant, and x is the number of trials. The fitted parameters of the exponential equations were used to compare the magnitude and rate of training that occurred for each type of stereotarget. Transfer of training was assessed by comparing the non-normalized pre-training to post-training stereothresholds for the trained and untrained conditions using a two-way repeated measures ANOVA, with the type of target used for training and type of target for which the training transfer assessed as the factors.
Results
Contrast detection of RDSs
Contrast thresholds, defined using Michelson's equation, 2 were measured for each subject prior to the experiment. Contrast detection thresholds for the 28.3% dense stimulus average approximately four times lower than for the 0.17% sparse stimulus. This difference could be due to a variety of factors including: spatial uncertainty associated with the location of the dots in the sparse stimulus (Lindblom & Westheimer, 1992) and local contrast variations between adjacent dots in the dense stereograms. Specifically, in the dense stereograms the local luminance difference between neighboring white and black dots is two times greater than the luminance difference between the individual white and black dots and the adjacent mean luminance gray background in the sparse stereograms.
Transfer of training between RDS types
Each subject's pre-and post-training stereothresholds as well as the stereothresholds during training were normalized according to the pre-training threshold obtained for the trained stimulus. The average normalized stereothresholds for the sparse local (unfilled circles) and dense global (filled circles) stereograms, as well as the individual subjects' stereothresholds are plotted as a function of the number of training trials in Fig. 2 . For the local stereogram training condition, one subject's stereothreshold estimate was extremely high during the first training block, which skewed the average results. Therefore, for the local-training group, the first data point for each subject was omitted from the average group data set.
3 The functions were fit with an exponential equation whose parameters were used to compare the magnitude and rate of training that occurred for each type of stereotarget. The critical number of trials, derived from the time constant of the fitted exponential function, is 1056 ± 128 for sparse stereograms, and 1257 ± 265 for dense stereograms (± SE). As the confidence intervals for the critical numbers of trials (±2 SE) overlap, they are not significantly different. Three times the critical number of trials provides an estimate the number of trials beyond which stereothresholds level off and no longer improve. These values are 3168 ± 384 for the sparse stereograms and 3771 ± 795 for the dense stereograms, which are consistent with other studies of perceptual learning of depth discrimination using RDSs Westheimer, 2001) . The high variability obtained in the group data for the critical number of training trials (see also the individual functions shown in Fig. 2) is consistent with the large inter-individual variability of perceptual learning that is reported by others (Schmitt, Kromeier, Bach, & Kommerell, 2002) . For each observer, stereothresholds measured during training were normalized with respect to the pre-training stereothreshold measurement for the trained condition. The average normalized stereothresholds across subjects for each training session for the sparse (unfilled circles) and dense (filled circles) RDSs were plotted as a function of the number of training trials, and fit with an exponential equation, as shown in 2a.
Panels in 2b and 2c present non-normalized stereothresholds plotted as a function of the number of trials for individual subjects who trained using sparse (2b) or dense (2c) RDSs, respectively.
The transfer of training was assessed by comparing the non-normalized pre-training to post-training stereothresholds for the trained and untrained conditions using a two-way repeated measures ANOVA, with the type of target used for training and type of target for which the training transfer was assessed (i.e. the trained and untrained targets) as the factors. The results demonstrate a significant difference between stereothresholds measured with the sparse versus the dense stereograms (F df=1,1 = 57.8, p = 0.0001, Huynh-Feldt corrected), and a significant effect of training on stereothresholds (F df=1,1 = 60.1, p = 0.0001, Huynh-Feldt corrected). Fig. 3 shows the average change in stereothreshold for each stereogram type and each training group. The changes in pre-training to post-training stereothresholds for the trained versus the untrained targets are not significantly different (F df=1,1 = 0.13, p = 0.778, Huynh-Feldt corrected), consistent with a complete transfer of learning between the stereogram types.
The magnitude of the training effect can be assessed using the average change in the logarithms of the stereothresholds before and after training for the trained conditions. For the local-training group the average change in the log stereothreshold assessed with the local stereograms is 0.36 ± 0.08. For the global-training group, the average change in the log stereothreshold assessed with the global stereograms is 0.29 ± 0.10. These values are not significantly different (t df=12 = 0.53, p = 0.6).
Mechanisms Underlying the improvement in stereothresholds with training
Stereoacuity improves with increasing target contrast (Cormack et al., 1991; Halpern & Blake, 1988; Westheimer & Pettet, 1990) . Throughout this experiment, the RD targets were displayed at a constant contrast, equal to a multiple of the respective contrast a Fig. 2 . Normalized stereothresholds as a function of the number of training trials.
2 Although Weber's equation is more appropriate for low density RDSs that contain only a few dots (Westheimer, 1985) , all RD stimuli were generated using the same parameters and the same source code and Michelson's equation was applied to both RD densities.
3 Omitting the fist data point in the global stereogram training set does not significantly change any of the fitted parameters of the exponential function. Most importantly, the parameter of interest, the time constant b, remains exactly the same.
detection threshold. To test if the improvement in stereopsis performance is due to a relative increase in target visibility, contrast detection thresholds for the local and global stimuli were remeasured after the training in all subjects. Subjects exhibited a statistically significant improvement in contrast detection thresholds for the 28.3% (t df=13 = 2.29, p = 0.04) and 0.17% (t df=13 = 2.47, p = 0.03) RDS density conditions. However, on average, these improvements were of the order of 0.06 log units for the 28.3% and 0.05 log units for the 0.17% conditions. Several previous studies determined that stereothresholds improve with approximately the square root of the Michelson contrast (Halpern & Blake, 1988; Legge & Gu, 1989; Cormack et al., 1991) . Therefore, the 0.06 and 0.05 log unit improvements in the contrast threshold that occurred during the course of training would be expected to account for only a 0.03 or 0.025 log unit improvement in the stereothreshold. Nevertheless, we plotted the percentage of change in stereothreshold for each subject, calculated as the ratio of the thresholds before and after the training, as a function of the percentage of change in the contrast detection thresholds before and after the training. A small and insignificant correlation (r = 0.44, t df=12 = 1.68, p = 0.13) in the predicted direction exists for the 28.3% RD density condition, whereas a small and insignificant (r = À0.34, t df=12 = 1.26, p = 0.24) correlation in the opposite direction exists for the 0.17% RD density condition. Taken together, these analyses indicate that an improvement in contrast detection is not likely to underlie the learning of depth discrimination of RDSs with training. As either the vergence variability or fixation disparity increase, stereothresholds are elevated (Farell, Li, & McKee, 2004; Siderov & Harwerth, 1995; Ukwade, Bedell, & Harwerth, 2003; Zaroff, Knutelska, & Frumkes, 2003) . Recall that prior to the experiment, each subject's fixation disparity was neutralized to obtain optimal stereothreshold measurements. However, if training caused a b c Fig. 2 . Non-normalized stereothresholds plotted as a function of the number of trials for individual subjects who trained using sparse (2b) or dense (2c) RDSs, respectively. reduction in the variability associated with the vergence eye movements, this could cause an improvement of depth discrimination in RDSs. To test this possibility, pre-and post-training fixation disparity curves were measured in four of the subjects (two from each training group). On each trial, two vertical Nonius lines, each viewed by only one eye, appeared 8.5 0 above and below the fixation square, which was viewed binocularly. The upper line served as a reference for judgments of the location of the lower test line, which was either directly below the top line (0 offset) or offset to one of four possible positions to the right or left of physical alignment. For each subject, the range of offsets was selected to obtain a suitable psychometric function. The percentage of rightward offset judgments was plotted as a function of the amount of offset to produce a psychometric function. A cumulative Gaussian was fit to the function to determine the point of subjective equality (the fixation disparity) and the slope (the variability associated with the vergence posture, where a shallow slope indicates more vergence variability and a steep slope indicates less variability).
The slope and point of subjective equality of the fixation disparity curves before and after the training did not differ significantly as a result of the training (PSE: t df=3 = À0.74, p = 0.51, Slope: t df=3 = 0.41, p = 0.7). In addition, the relative change in stereothreshold (the ratio of the post-training measurement to the pretraining measurement) was plotted as a function of the relative change in the slope of the fixation disparity function. Regression analysis demonstrated a significant association between decreasing vergence variability and a deterioration in stereopsis for the 0.17% condition (r = 0.99, t df=2 = 11.74, p = 0.007), and a lack of significant association between decreasing vergence variability and stereothresholds for the 28.3% condition (r = 0.82, t df=2 = 3.03, p = 0.094). The correlation obtained for the 0.17% condition was driven primarily by one extreme data point, the removal of which resulted in a lack of significant association (t df=1 = 3.54, p = 0.07). Because neither of the observed relationships are in the expected direction (i.e. an increase in vergence variability associated with an increase in stereothresholds), neither a decrease in fixation disparity nor a reduction in the vergence variability can account for the improvement in stereothresholds with an increase in the number of training trials.
An improved allocation of attention or non-specific improvement in the performance of the subjects as psychophysical observers could account for the improvement in stereopsis with training. However, these improvements are expected to be generalized and also should have manifested in the contrast detection task as well. If the results reflect a generalized improvement, then we would have expected to find a correlation between the improvement of contrast detection and the improvement in stereothreshold. The lack of significant correlations between these conditions (reported above) indicates that these factors are most likely not the cause of the stereothreshold improvement.
Finally, the dense RDSs used in this experiment differ from the figure-background organization of typical global stereotargets. To ensure that the stereothresholds for the dense RD targets in this study are similar to those for typical global stereotargets, an additional experiment was conducted on four subjects, two from each training group. In this experiment, a 223 0 Â 223 0 RD square with a dot density of 28.3% was embedded in a zero-disparity background of RDs, also with a density of 28.3%. The disparate square was presented directly below fixation, as in the perceptual-learning experiment. Following each 500-ms presentation, the subject indicated whether this region of RDs protruded or receded with respect to the background. To eliminate edge information, a pair of complementary Gaussian weighting functions (SD = 1.7 0 ) was used to smoothly blend the images of the RD square and background dots at their vertical boundaries. Stereothresholds were estimated from blocks of 84 trials using both this stimulus configuration and the 28.3%-density RD stereotarget from the perceptual-learning experiment in a counterbalanced sequence. Average stereothresholds for the two target configurations did not differ significantly for any of the four subjects (range of p values for paired t tests = 0.16-0.74), indicating that disparity processing is similar for the two types of stereotargets.
Discussion
Mechanisms for local and global stereopsis
This study examined the transfer of perceptual learning of depth discrimination for 0.17% density RDSs to 28.3% density RDSs with similar properties, and vice versa. Based on the results of a previous study (Gantz & Bedell, 2008) , 0.17% density RDSs containing only few dots are considered to be local stereograms, and 28.3% density RDSs containing many dots are considered to be global stereograms. We hypothesized that if local and global stereograms are processed by separate neural mechanisms, then the rate of training for the two types of stimuli is likely to differ, and the transfer of training from one stimulus type to the other should be minimal. Conversely, if global and local stereograms are processed by the same neural mechanism, then the rate of training for the two types of stimuli should be equal, with a complete transfer of training between the two target types.
The stereothresholds for both the local and global RDSs improved with the number of trials up to approximately 3000-4000 trials, and leveled off thereafter. In addition, the average log change in stereothreshold (i.e. the difference between the logarithms of the pre-training and post-training stereothresholds) for the trained and untrained types of stereograms does not differ significantly in either the local-or global-training groups, suggesting a complete transfer of the learning between the stereogram types. The fact that the rate of improvement does not differ statistically between the local-and global-training groups and that there is essentially complete transfer of the perceptual learning in both the localand global-training groups is consistent with the operation of a single mechanism to process local and global stereograms.
If the global processing mechanism comprises two sequential processing stages, then training with the global stereograms would be expected to improve the performance in the untrained local stereograms, but training with local stereograms should not result in as much improvement in the performance with the untrained global stereograms. The pre-to post-training improvement for the untrained global stereothresholds therefore should be less than that for the trained global condition, whereas the improvement should be equal in the trained and untrained local conditions. The results show that the improvement in the pre-to post-training stereothresholds for the trained and untrained global (t df=6 = 0.35, p = 0.74) Fig. 3 . Bar graph demonstrating the average change in the logarithms of the stereothresholds (±1 SE) before and after training for the trained and untrained stimulus conditions. and local stereograms (t df=6 = 2.19, p = 0.07) are not significantly different. The essentially complete transfer of learning for both target types and the insignificant differences in improvement for the trained and untrained conditions in this study are inconsistent with a two-stage mechanism underlying the processing of the global stereogram.
Stereothresholds assessed with local and global stereograms
Although the results of this study are consistent with a common mechanism for the processing of local and global RDSs, a significant difference exists between the stereothresholds assessed with the two stereogram types (Repeated Measures ANOVA, F df=1,12 = 57.8, p = 0.0001). Specifically, the stereothresholds assessed with global dense RDSs average 0.35 0 ± 0.08 0 (±1 SE) before training and 0.17 0 ± 0.03 0 (±1 SE) after training. Stereothresholds assessed with local sparse RDSs average 0.76 0 ± 0.07 0 (±1 SE) before training and 0.4 0 ± 0.04 0 (±1 SE) after training. The difference between the average global and local stereothresholds amounts to 0.33 log units before training, and 0.37 log units after training. The higher stereothresholds obtained using the local stereograms can be attributed primarily to the larger gap between the reference and test patterns (Hirsch & Weymouth, 1948; Ukwade & Bedell, 1999) .
A comparison between the pre-training stereothresholds assessed with high and low density RDSs reveals no statistically significant correlation (r = 0.4, t df=12 = 1.49, p = 0.16; Fig. 4 ). This lack of correlation is consistent with previous studies that reported differences in depth discrimination for local and global targets. On the other hand, the post-training stereothresholds for high density and low density RDSs are strongly related (r = 0.86, t df=12 = 5.94, p < 0.0001). This robust post-training correlation between the RDS types is consistent with the operation of a single mechanism for the processing of disparity in local and global stereograms, once the subjects are trained to achieve optimal performance. Previously reported differences in the performance with global RDSs and local line stereograms therefore may be attributable to differences in experience with the two types of stimuli, which can be minimized by training. However, because perceptual learning has been shown to be specific for orientation (Karni & Sagi, 1993) , spatial frequency (Sowden, Rose, & Davies, 2002) and other stimulus properties (Fahle, 2005) , it remains unknown if training on line stereograms would transfer to RDSs with substantially different spatial characteristics, or vice versa.
When the magnitude of the training is assessed directly from the learning function, based on the parameter, a, of the fitted exponential function, a statistically significant difference exists between the magnitude of the training for the local and global stimuli. It should be noted that the learning functions consist only of the stereothresholds measured for the trained stimuli, and do not reflect the transfer between the trained and untrained conditions.
When viewing a scene in the world, the visual system combines disparity, pictorial, motion parallax, and oculomotor cues to perceive depth. In the laboratory, RD stimuli that are devoid of monocular and motion cues provide only the disparity cue to the visual system. Because the weighting of various depth cues differs among individuals (Stevens, Lees, & Brookes, 1991; Welchman, Deubelius, Conrad, Bulthoff, & Kourtzi, 2005; Zalevski, Henning, & Hill, 2007) , it is likely that some individuals do not rely heavily on disparity cues for everyday depth perception. These individuals would be expected to perform poorly initially when asked to make depth discriminations between RD patterns that contain only a disparity cue. An extensive period of training with these RD stimuli might cause the visual system to weight the disparity cue more heavily, resulting in an improvement in stereopsis. Because the initial weighting of the disparity cue differs among individuals, the improvement of stereopsis that would be expected to result from a re-weighting of disparity information also should vary from subject to subject.
Possible physiological mechanisms
Each eye's cortical representation is assumed to contain a retinotopic map that encodes the locations of the target features in space (Patel, Ogmen, White, & Jiang, 1997; Poggio, Gonzalez, & Krause, 1988; Read & Cumming, 2003) . At the level of cortical simple cells, this retinotopic map is tuned to particular absolute disparities at specific locations in visual space (Cumming & DeAngelis, 2001) . Binocular complex cells are thought to receive simultaneous inputs from a number of simple cells with varying receptive fields (Ohzawa, 1998) . The complex cells provide signals that specify the difference in the positions of target features in the two retinotopic maps. At this stage, it is necessary for the visual system to match similar features contained within each half-image to solve the correspondence problem (Ohzawa, 1998) , and then compute a difference signal. However, complex cells can only solve the correspondence problem locally due to their limited apertures (Morgan & Castet, 1997; Ohzawa, 1998) . For local low density RDSs, it should be relatively straightforward to compute which features in each half-image match each other. For high density RDSs, each element in one half-image can potentially match a large number of the elements in the other half-image and it is possible that an additional processing step is required to calculate which image features correspond to each other. If global mechanisms are required to resolve the correspondence problem, these mechanisms should be more active for high density than low density RDSs. In the current experiment subjects were asked to judge if the lower RD pattern was closer or farther than the upper zero-disparity pattern. The stimuli and task do not directly address a further processing step of extracting form information from RDSs. Therefore, the transfer of perceptual learning of depth discrimination that occurs between the two types of stereograms found in this experiment supports the operation of a single disparity processing mechanism for ''local" (low density) and ''global" (high density) RDSs up to the calculation of relative disparities and the global solution of the correspondence problem. Previously, modeling showed that a post-training reduction in neuronal firing-rate noise of early disparity processing neurons is sufficient to account for the perceptual learning of depth discrimination in RDSs (Gantz, Patel et al., 2007) . Based on the essentially complete transfer of perceptual learning of depth discrimination between local and global RDSs, this reduction of neuronal firingrate noise would be expected to occur in the same population of early disparity processing neurons for both local and global RDSs.
Conclusions
To evaluate the overlap between the mechanisms underlying global and local stereopsis, this study examined the transfer of training of depth discrimination for sparse, 0.17% density RDSs (considered to be a local stereoscopic stimulus) to dense, 28.3% density RDSs (considered to be a global stereoscopic stimulus) with similar properties and equal detectability, and vice versa. Neither the rate nor the magnitude of improvement differed statistically between the local-and global-training groups. These results are consistent with the operation of a single mechanism to process both local and global stereograms. It is suggested that the improvement with training is due to a reduction of neuronal firing-rate noise in the same early disparity processing neurons for both local and global RDSs.
